Abstract-Pressure ulcers (PUs) can occur in any situations where people are subjected to non-uniform distribution of pressure over a prolonged period. They can have devastating effects on the patients' well-being and in extreme conditions can prove fatal. In addition to traditional wisdom implicating mechanically induced ischaemia, there is strong evidence that other mechanisms play a role in the cascade of events which can initiate the PU damage process at the cellular level. Some of these refer to a metabolic imbalance with compromised delivery of nutrients and accumulation of waste products in the local environment of the cells. The approach of much research has focused on the measure of oxygen in compressed tissues as a means of predicting early damage. However, the present review adopting a hierarchical approach, using length scales ranging from cells through to human models, has revealed compelling evidence which highlights the importance of carbon dioxide levels and associated concentration of other metabolites, such as lactate and purines. The temporal profiles of these metabolites have been monitored in the various models subjected to periods of mechanicalinduced loading where the localized cells have converted to anaerobic metabolism. They reveal threshold levels of carbon dioxide which might be indicative of early tissue damage during both mechanical-induced ischaemia and subsequent reperfusion and an appropriate sensor could be used in a similar manner to the long-standing ''canary in a cage'' method to detect toxic gasses in enclosed mines.
INTRODUCTION
For more than a century working miners carried a canary in a cage as a simple but effective safety device. When the canary collapsed, it was an indication that the air was toxic and the miners had to rapidly leave the mine. The CO 2 in gastric tonometry has been referred to as the canary in the cage in an ischemic tissue with values in excess of 14 kPa (101.5 mmHg). 67 Can this canary sing a different tune for detection of pressure ulcers (PUs)?
The condition of PUs or decubitus (aka pressure sores, bed sores) represents a localized injury to skin and/or underlying tissue, usually over a bony prominence, as a result of prolonged mechanical loading in the form of pressure, or pressure in combination with shear. 24 Although the majority of PUs are initiated at the skin surface and may extend to deeper tissue layers, there is also a category, referred to as deep tissue injury (DTI), which starts in deeper muscle layers adjacent to bony prominences and progress outwards towards the skin. 24 The prognosis of a DTI, which usually affects subjects with impaired sensation, is highly variable.
PUs can occur in any situations where people are subjected to sustained mechanical loads, but are particularly common in subjects who are bedridden or confined to chairs for much of their waking day. Thus, common sites for tissue damage include the sacrum, heel and the ischial tuberosities. 24 PUs have been traditionally associated with the elderly, particularly those who are malnourished and dehydrated with additional medical complications. 28, 47, 58 However, PUs affect a wider age range including neonates and pediatrics nursed in intensive-care units, patients undergoing prolonged surgery and the spinal cord injured. 12 Accordingly, they represent a disabling chronic condition that has been universally implicated as both a Quality of Care and Patient Safety issue for individuals in hospital and community settings. Indeed when a PU has developed, it can have devastating results for the patients' well-being and in extreme conditions can cause death. 44 The aetiopathogenesis of PUs has long been considered to involve the mechanically induced capillary occlusion, resulting in tissue ischemia with associated localized hypoxia. This mechanism will limit the delivery of vital nutrients, such as oxygen, to the local environment of the cells. The resulting cell death would impede any remodeling processes and will result in the local breakdown of soft tissues. This ischaemiainduced mechanism was supported by a number of seminal studies employing animal models. 26, 34 However, other mechanisms in the development of PUs have been implicated, namely, the blockage of lymphatics and altered interstitial fluid flow, ischaemia-reperfusion injury and cellular deformation. 8, 35, 49 Each result in damage initiation at a cellular level, associated with different tissue layers, namely skin, fat and muscle, overlying the bony prominences. A schematic indicating the potential inter-relationships between these mechanisms leading to cell damage is provided in Fig. 1 .
A typical bioengineering approach to monitor individual risk factors for developing PUs has been to measure physical parameters at the loaded body-support interface, e.g., supine subjects lying on a mattress. 45 As an example, commercial interface pressure monitoring systems have been long established, with benefits of comparing support surfaces and/or providing feedback on the functional posture of individuals. However, it is well recognized that interface pressures alone do not inform clinicians to potential risk of tissue breakdown. For this, some measure of the effects of mechanical loading and time on the viability/status of loaded tissues is needed. 3 As an example, Laser Doppler flowmetry (LDF) can supply information about the location of the blood vessels and the magnitude of blood flow in the vessels. Although blood flow indicates the nature of oxygen delivery it does not provide a measure of the level of local tissue oxygenation. This can be measured directly by transcutaneous gas monitoring, a technique originally developed to monitor the respiration gasses of pre-term infants. Transcutaneous gas monitoring has been adapted to monitor oxygen (T C PO 2 ) and carbon dioxide (T C PCO 2 ) levels in loaded soft tissues in a number of studies on both healthy subjects and those considered to be at high risk of developing PUs. 1, 3, 4, 7, 14, 15, 74 Although, the quantification of oxygen at cellular and tissue levels is well-established, the role of carbon dioxide in this context is still not clear. What is known is that carbon dioxide is involved in three main processes that are essential for the survival of the organism, namely, (i) Local blood transportation (ii) Oxygen transportation and (iii) Regulation of acid-base balance. Furthermore, an elevation of tissue carbon dioxide due to reduced circulation is based on two processes: an accumulation of the partial pressure of carbon dioxide (PCO 2 ) in the tissue due to flow stagnation, and the impaired CO 2 wash-off from ischaemic tissues.
After an introduction to tissue carbon dioxide, we propose a hypothesis, based on hierarchical evidence derived from a diverse range of studies, that carbon dioxide could prove to be a reliable marker for early detection of PUs.
BRIEF HISTORY OF PCO 2
Carbon dioxide was first discovered by a medical student, Joseph Black, 17 who reported large quantities of a ''fixed gas'', which was generated when chalk was heated or acidified. He observed that the ''fixed air'' was denser than air and did not support either flame or animal life. It is a colorless gas and does not have electrical dipole making it diamagnetic.
Carbon dioxide is generated in tissues, both as an end-product of the cellular respiratory process as a result of buffering protons with bicarbonates due to the metabolic acidosis following ischaemia. 66 The carbon dioxide is soluble in water resulting to carbonic acid (H 2 CO 3 ) which, itself, is converted into hydrogen (H + ) and bicarbonate (HCO 3 2 ). The amount dissolved in the fluid phase is governed by Henry's Law, namely,
where PCO 2 is the partial pressure of carbon dioxide, often referred to as carbon dioxide tension, 53 which increases with enhanced concentrations of carbon dioxide. The Henry's coefficient, K H , is dependent on the solubility of carbon dioxide in the tissue and its temperature. 64 Although its value has been extensively estimated in blood, its value in tissue has not been fully established. The level of the expired carbon dioxide from the body is about 4%, which compares with a level in normal tissue of about 5-6%. 22, 49 The presence of carbon dioxide helps the release of oxygen from hemoglobin. This process, known as the Bohr effect, is explained as a shift to right of the oxygen dissociation curves implies that an increase in plasma carbon dioxide reduces the equilibrium of hemoglobin saturation. Increasing carbon dioxide may attach more molecules to hemoglobin to transport away the excess CO 2 , described as the Haldane effect. 29 Thus, a several fold increase of PCO 2 in tissue above normal values, indicates both a stagnation of blood flow and a shift to anaerobic metabolism.
DETERMINANTS OF PCO 2
It is believed that tissue PCO 2 is determined by the balance between arterial PCO 2 , blood flow and its distribution in tissue, the mix of aerobic and anaerobic metabolism including lactate changes in tissue, and venous oxygen saturation.
When an ischemic condition occurs, impaired blood flow decreases carbon dioxide clearance from tissues, 31 thereby causing an increased oxygen release from hemoglobin and producing additional carbon dioxide. 66 However, as oxygen availability is finite when a diminished blood flow occurs, this accounts for only small increases in carbon dioxide. Indeed the majority of excess carbon dioxide observed in ischaemic conditions is thought to derive from lactic acid dissociation as a result of anaerobic metabolism. 31 When this dissociates, hydrogen ions accumulate and, since intracellular bicarbonate levels are largely equivalent to blood plasma levels, intracellular hydrogen leads to the release of previously buffered carbon dioxide. 66 Since carbon dioxide readily diffuses into the extracellular space, localized tissue acidosis may occur. These authors also suggest that tissue acidosis below a threshold may serve to protect cells by reducing the activity of enzymes involved in the generation of damaging substances.
66

HIERARCHICAL EVIDENCE OF PCO 2 AS AN EARLY INDICATOR OF PU FORMATION
Cell-Based Model systems
In the last 15 years, cell-based model systems have been used to examine the effects of mechanical-induced damage in a controlled manner. Of particular relevance were the series of studies, [19] [20] [21] 54 using bioartificial muscles models (BAMs), to examine the differential effects of compressive strain (up to 40%) and ischaemia on both cell apoptosis and necrosis. The results inferred that strain results in a gradual increase of damage over 22 h, with no associated damage due to hypoxia. 21 This was explained by the oxygen conformance behavior of the cells, resulting in a decrease in their energy demands with associated consumption of less oxygen under hypoxia conditions, without a decrease in concentration of adenosine triphosphate (ATP). 2 The experiments were extended for culture periods up to 5 days to examine the effects, singly and combined, of glucose deprivation, pH change, lactic acid accumulation and deformation.
Figures 2a and 2b indicates the effect of low and high glucose levels on BAM performance under normoxic (20% O 2 ) conditions. The effect of glucose deprivation in the absence of medium refreshment was significant from 24 h and beyond. It was evident that after day 1 there was no glucose available to the cells in the low glucose medium (1 g/L). Accordingly metabolism was limited with lactate production reaching a maximum at day 1 and thereafter remaining constant. The group exposed to high glucose medium revealed an increased lactate production up to day 3, thereafter remaining constant at approximately 23 mM (Fig. 2b) , with an associated reduction in pH from 7.4 to 6.5. It was clear that glucose deprivation represented a critical determinant of premature cell death. 19 Other findings revealed that BAMs subjected to deformation alone did not significantly change their glucose consumption (Fig. 2c ) or lactate production ( Fig. 2d) or cell death profile when compared to control samples (p > 0.05 in all cases). By contrast, the hypoxic (6% O 2 ) groups, with and without deformation, consumed significantly more glucose than the control group on days 1 and 2 (p < 0.01) and exhibited an enhanced cell death profile and reduced pH over the 5 day culture period. 19 Additionally, the lactate release of the hypoxic group alone (Fig. 2d) was significantly elevated compared to the control group (p < 0.01).
These collected studies reveal that deformation has a significant effect on cell death. However, for extended culture periods beyond 22 h, the hypoxia-induced elevated lactic acid production eventually exceeded the acid threshold, provided there was sufficient glucose present in the medium to continue metabolism.
Findings from other model systems proposed that impaired oxygenation combined with an excess of carbon dioxide, termed hypercapnia, would influence cell apoptosis. One study involved inducing unilateral renal ischaemia in rats for 30 min, while monitoring intra-renal pH and computed pCO 2 values from these measurements. 25 The resulting pCO 2 values, namely 18 and 30%, were subsequently reproduced in vitro. Following exposure and a subsequent return to normal culture conditions, selected experimental cultures, namely those exposed to hypoxia with concomitant hypercapnia, exhibited apoptotic activity, which was statistically higher (p < 0.05) than both the control groups and the groups exposed to hypercapnia alone. The authors reaffirm that as CO 2 diffuses easily through cell membranes, its influence would be immediate in all intracellular compartments. 25 
Animal Model Studies
If PCO 2 provides an early indicator of ischemia in soft tissues, it must reflect the energy state of cells in tissues subjected to external mechanical loading. The question arises whether measuring PCO 2 , when the local blood flow is reduced, will contain information about the lactate tissue acidosis and/or the breakdown of energy stores like ATP.
It is well established that when the cell converts to anaerobic glycolysis, a considerable intracellular production of protons will ensue, 10 a large proportion of which will be buffered by intracellular bicarbonates, forming CO 2 and water. 9 If the blood flow is inadequate, the process results in an accumulation of CO 2 in tissue to values several fold higher than those due to oxidative phosphorylation alone. As muscle tissue is known to be resilient to anaerobic condition, it might be hypothesized that ATP would be maintained constant for a prolonged period due to the transfer of energy-rich phosphate groups from phosphocreatine. 41 However, physiological and anatomical studies have reported that muscle can only tolerate ischemia for up to 4 h, compared to much longer periods for fat (~13 h) and skin (~24 h) at normothermia. 6 This indicates that the skeletal muscles overlying bony prominences may represent the tissues most vulnerable tissues to ischemia.
Lactate accumulation in muscle tissue as an index of accelerated glycolysis has long been appreciated, although studies to demonstrate its relationship to the partial pressure of carbon dioxide are limited. Of the few, a linear correlation was demonstrated between lactate and PCO 2 when porcine muscle was subjected to zero-flow conditions. 37 The authors also demonstrated that after the onset of ischaemia, PCO 2 increased several fold when compared to basal levels long before depletion of the energy stores, ATP, and phosphocreatine concentrations. A total depletion of these energy stores will result in a permanent irreversible injury to the cells and therefore monitoring PCO 2 has long been recommended as a marker of reversible tissue damage. 39 Indeed carbon dioxide may diffuse out of the cells and be detected at the surface of the tissue, while measurements of lactate might prove problematic due to the collection of sufficient sample volume in a non-invasive manner.
It is recognised that if the zero-flow condition is induced, it will result in an associated decrease in the temperature of the tissue bed, a condition termed cold ischemia, which can decrease PCO 2 according to Henry's law (Eq. 1). At the same time, a decrease in temperature means that the tissue can tolerate ischemia for prolonged periods since the metabolism is lower and the energy supplies would be preserved. 73 Thus soft tissues would likely tolerate ischemia during a combination of arterial and venous occlusion associated with low temperatures. This was demonstrated in a study subjecting porcine muscle tissues to a 100 min period of ischaemia followed by a 30 min period of reperfusion. 38 The results, as shown in Fig. 3 , reveal a relative increase in tissue carbon dioxide, which was fairly similar in both arterial and venous stasis, and correlated with an increase in lactate production. During reperfusion, a hyperaemic blood flow was evident in both states. However, the wash off process of PCO 2 was clearly more rapid following arterial occlusion in association with an increased removal of lactate from the tissue. However, both lactate concentrations and carbon dioxide tensions were still elevated after 30 min of reperfusion indicating that the tissues required more time to metabolize and wash-out the metabolites. It is therefore theoretically possible to differentiate between a venous and arterial occlusions based on the ratio changes of carbon dioxide after the perfusion is re-established. 70 If the carbon dioxide is a linear function of lactate, why not just measure lactate as an indicator for ischemia? A study on various organs and tissues including muscle in a porcine model, 69 revealed a significant accumulation of carbon dioxide under aerobic metabolism, in contrast to metabolic parameters of ischaemia, e.g., lactate and glycerol, which remained low. As blood flow declines, more oxygen is extracted from hemoglobin to maintain a balance between oxygen utilization and CO 2 generation in tissues. With decreased blood flow, more CO 2 is consequently added to each unit volume of blood and PCO 2 will increase in venous effluent blood as well as in tissues. 16, 61, 62 Based on dual line regression analyses for oxygen threshold, a critical transition point between aerobic and anaerobic metabolism was proposed. The calculated threshold level for muscle tissue was about 9.3 kPa (69.8 mmHg), which corresponded to a lactate concentration of 2.1 mM. The rate of PCO 2 over time changed from 0.61 to 3.7 kPa/h. It was shown that the PCO 2 increased several fold when tissue metabolism changed from aerobic to anaerobic state.
As discussed with respect to cell model systems, tissue damage may not only be due to the haemodynamic origins but also deformation of the cells per se. This was demonstrated in series of studies in which the tibialis anterior muscle of a rat, was either subjected to a mechanical deformation or an ischemic insult alone. These studies revealed that: (i) Irreversible damage, consisting of gross tissue necrosis, due to large deformations occurred at an earlier stage than pressure-induced ischaemia. 65 This occurred within 2 h, which is below the threshold for the onset of skeletal muscle necrosis. 6 (ii) Loading for as short as 10 min can cause small levels of muscle damage. 42 (iii) Above a strain threshold value, the accumulation of deformation-induced damage corresponded to areas exposed to increasing mechanical shear strains. 13 (iv) As the loading period extends to 4 h, both ischemia and reperfusion increasingly contribute to the damage process. 43 
Human Studies
When testing human subjects, there is a need for non-invasive measurement techniques applied on or at least close to the skin surface. In the case of measuring transcutaneous gas tensions, the values contain information from skin tissues in addition to the muscles, fat, connective tissue and circulating vessels. These measurements have been regularly employed to measure gas tensions in loaded soft tissues in a range of subject groups. Most studies have focused on examining the range of interface pressures and time needed to reduce threshold levels of oxygen, below values considered to compromise the viability of soft tissues. 3, 4, 45, 46, 55, 56 However, a few studies have examined the interplay of T C PO 2 and T C PCO 2 in loaded tissues. As an example, in a prospective study of wheelchair-bound spinal cord injury (SCI) subjects, the gas tensions at the loaded ischial tuberosities were examined. 7 Results indicated that, in many cases, subjects revealed a progressive improvement in tissue viability after injury, as exemplified by small reduction in T C PO 2 , during load-bearing, which returned to unloaded levels during a period of pressure relief. The associated T C PCO 2 levels remained within the normal range of 4.8-6.4 kPa (36-48 mmHg) throughout the assessment period. 11 However, a small proportion of SCI subjects, typically those with low level lesions and flaccid paralysis, demonstrated significant reductions in T C PO 2 with an associated increase of T C PCO 2 in excess of the normal range. The authors suggested that it was this latter group, who are at potential risk of developing PUs and thus require effective support cushions with strict adherence to a pressure relief regime. The authors also proposed that carbon dioxide levels can control vascular tone in acute SCI subjects. 7 In a separate study the viability of tissues in elderly patients undergoing orthopedic surgery was examined at interface pressure representative of values experienced on the operating tables. 4 Findings demonstrated that the T C PO 2 fell below critical low levels, defined as 2.7 kPa (20.3 mmHg) which were often associated with significant increases in T C PCO 2 levels. The latter response indicated an impairment of vascular drainage. It also highlighted the inadequacy of support surfaces used on operating tables for surgeries, such as fixation of femoral neck fractures, particularly for high risk sick elderly patients. 1, 3, 4, 7, 57, 59 There have been a number of studies involving the physiological response of skin tissues to a range of support surfaces. 15, 45, 46, 55, 56 For example, the performance of a prototype alternating pressure air mattress (APAM) was recently evaluated, in terms of its ability to maintain skin viability in a group of 12 healthy volunteers lying in a supine position.
14 The mattress included a sacral section supported with alternating low pressure (ALP), with internal pressures values adjusted to subject morphology and BMI, by means of an in-built pressure sensor. Internal mattress pressures and transcutaneous gas tensions at the sacrum and a control site, the scapula, were monitored. Interface pressures were also measured. The skin response to alternating support pressures could most conveniently be divided into three distinct categories, labeled Category 1-3, as presented schematically in Fig. 4 .
In the majority of test conditions the internal support produced sacral T c PO 2 values which provided adequate viability, either remaining similar to those at the control site (Category 1) or fluctuating in concert with the cycles of the alternating pressure (Category 2). The associated T c PCO 2 levels remained within the normal range for both categories. 11 However, in a few cases, particularly when the head of bed was raised ( ‡45°), there was compromise to the skin viability at the sacrum, as reflected in depressed T c PO 2 levels associated with an elevation of T c PCO 2 levels above the normal range (Category 3 in Fig. 4) . In all cases, interface pressures at the sacrum rarely exceeded 8 kPa (60 mmHg). It is evident that the prototype mattress could not ensure maintenance of skin viability if a patient was nursed on a mattress with an elevated head of bed angle. The physiological response was also examined in a group of able-bodied volunteers subjected to intermittent loading at ischial tuberosities during periods of loading and unloading in the sitting posture (Fig. 5,  unpublished data) . The majority of the able bodied volunteers demonstrated a Category 2 response during the loading phase, characterized by a decrease in T c PO 2 levels (Fig. 5 left graph) . However, in a few cases, a Category 3 response was evident with a marked increase in T c PCO 2 levels (Fig. 5 right graph) . Both these responses were reversible during the unloaded phases with both gas tensions returning to basal ranges.
In a separate study the status of loaded tissues was monitored, using a combination of physical sensors and sweat biomarkers, at the sacrum of able-bodied volunteers. 33 A range of parameters were estimated from the separate measurements techniques. Results indicated that T C PO 2 levels were progressively reduced when the sacral were subjected to applied pressures of between 5.3 kPa (40 mmHg) and 16.0 kPa (120 mmHg). At the higher pressures, this decrease was generally associated with an increase in carbon dioxide above basal levels. 11 Close examination of the data revealed a threshold value for loaded T C PO 2 , equivalent to a reduction of 60% from unloaded median values, which could be correlated with changes in other physiological parameters. As an example, it was observed that above this threshold, the corresponding T c PCO 2 values were generally in excess of 6.7 kPa (50 mmHg) for a significant proportion of the loading period, as indicated in Fig. 7 . This response is identical to Category 3 response in Fig. 4 .
The concentrations of both sweat lactate and urea increased considerably as a result of loading. The lactate ratio, loaded compared with unloaded values, were compared to the percentage reduction in T C PO 2 for each individual as illustrated in Fig. 6 . It was evident that below the threshold value for T C PO 2 , there was a relatively small variation, with a mean ratio value of 1.10 ± 0.16. By contrast, above this threshold value, lactate ratios regularly exceeded 1.40. Indeed, FIGURE 5 . Temporal profiles of gas tensions at the ischial tuberosities of two able bodied subjects subjected to periods of unloading and loading in a seated posture. when the data above this threshold were analyzed, the resulting linear model for sweat lactate (y = 0.023x 2 0.33; r = 0.58) was found to be statistically significant (p < 0.01).
Close examination of the relationship between the lactate ratio and percentage time at which T c PCO 2 was elevated, revealed the presence of two distinct clusters of data. Indeed there were some subjects who exhibited metabolite ratios greater than unity, in association with T c PCO 2 values that did not exceed 6.7 kPa (50 mmHg) for any of the loaded period. By contrast, other subjects revealed a value for the carbon dioxide parameter which exceeded 37%, equivalent to a Category 3 response, associated with the lactate ratios well in excess of unity. In the latter cases, both sweat lactate and T c PCO 2 may be useful as markers of tissue viability or status as a direct consequence of tissue ischemia. 33 In a theoretical model, it was predicted that the time for the removal of lactic acid from previously ischemic tissues was greater than that necessary for re-oxygenation as a result of reactive hyperaemia. 27 This reaffirms the proposition that oxygen may only represent one of a range of markers involved in tissue recovery. Indeed, it can be speculated that both carbon dioxide and lactate are critical in tissue recovery and in the control of related physiological responses, particularly when the skin is exposed to alternating pressures. 3 As previously discussed, ischaemia is followed by a complex biochemical response when the blood supply is re-established and this may result in additional injury to the tissue. 23 During ischaemia-reperfusion (I/ R), one aspect of biochemical changes involves the irreversible loss of high-energy ATP (Fig. 1) . In addition, an important mechanism is triggered with the influx of molecular oxygen during reperfusion, which can lead to the formation of unstable and reactive oxygen-derived free radicals, or superoxides. Their presence can cause tissue damage by initiating an inflammatory cascade, resulting in microvascular dysfunction and cell apoptosis. There is considerable evidence in the literature that I/R is associated with purine metabolism in particular, some of its terminal products, which may directly produce cell injury. 18 Such purines include; allantoin, hypoxanthine, inosine, uric add and xanthine (Fig. 1) .
Such a hypothesis was examined in a cohort study using sweat biomarkers. 5 Sweat was collected initially in an unloaded period and subsequently during four separate 30 min periods (two loading followed by two reperfusion periods). The results as presented in Fig. 7 report the median biomarker ratios of loading compared to unloaded values. It can be seen that for both first and second ischaemic periods, all biomarker ratios were well above unity and, in some cases, exceeded a value of 4.0.
During the first recovery period, the ratio values for xanthine, hypoxanthine and uric acid all remained above unity suggesting that the 30-min period was not sufficient for adequate recovery from the ischaemic insult, although lactate returned to basal levels. It was also noted that the high concentrations of uric acid in previously ischaemic tissue implied the further formation of free radicals, which have been implicated in tissue damage. 48, 71 This implies that the sweat purines provide additional information on tissue status to that available from sweat lactate alone. During extended reperfusion, the decrease in hypoxanthine ratio to unity may indicate that the purine metabolism had effectively returned to basal levels.
DETECTION METHODS FOR PCO 2
Currently there is no single sensor, which fully matches the requirements of a monitoring system for PCO 2 , specifically for the early detection of PUs. The traditional method of monitoring blood perfusion, namely laser doppler flowmetery (LDF) measured in arbitrary units, is well established in both clinical and physiological investigations of blood microcirculation. 52, 72 More sophisticated wavelet-based analysis of the non-linear blood flow oscillations in skin 63 may provide a useful index for assessing risk of pressureinduced damage. 40 Indeed some decrease in these oscillations at the sacrum were detected in elderly subjects with well-established vascular impairment. Other potential methods, such as doppler ultrasound flowmetry 36, 51 and bioimpedance 50 have additional limitations due to movement of the probe and geometry changes caused by deformation of the tissue.
The well documented monitoring of transcutaneous gas tensions, including T c PCO 2 , has proved useful in assessing the relative changes in partial pressures as a result of applied loading to the skin (Fig. 6) . However, the method is highly dependent on heating the skin in order to lower the solubility of blood gasses in tissue.
This inevitably increases the metabolic activities, with the potential of causing additional damage to the tissue.
Near infrared spectroscopy (NIRS) provides a noninvasive method, 64 which has evolved to measure both oxygen saturation and partial pressures and to detect pH directly in muscle tissue. 30, 60 If this currently expensive system could be adapted to measure carbon dioxide as well to form a multiple parameters system with the potential to provide a more accurate description of the state of the tissue.
To interrogate the internal state of the tissues, a minimally invasive technique, microdialysis, may be worthy of consideration. 68 It represents a diffusionbased separation method that allows analytes to freely diffuse across a hollow fiber semi-permeable dialysis membrane. This minimally invasive sampling technique has been widely used for in vivo biochemical collection from fluid perfused through the tissue. It is currently being used by the authors to interrogate the biomarker changes within loaded tissues. Micro-dialysis might prove valuable as a ''gold standard'' against which simple ''paper-based'' systems could be evaluated as point-of-care diagnostic sensors. 32 Ultimately an ideal indicator of PU risk will carry information about the condition of the cells as a direct representation of the integrity of skin, fat and muscle tissues in both loaded and unloaded conditions.
CONCLUSIONS
As PUs represent a major burden to both individuals and health services, there is a need for a robust detector of tissue damage. Such an indicator for PUs should detect ischemia when any tissue damage is reversible. Based on the current knowledge from cellular, animal and human models, PCO 2 does indeed prove to represent, such an indicator both in the ischaemic and reperfusion phases, the latter of which can involve oxygen radical damage. Specifically, animal studies have indicated that the temporal profile of PCO 2 can indicate the effectiveness of the wash off processes and perhaps estimate the amount of damage to the tissue. Future challenges involve the development of technological solutions to measure the PCO 2 in affected tissue continuously and non-invasively without interfering the metabolism or perfusion of the tissue. Therefore, further research is needed to find ''clinically friendly'' methods to measure carbon dioxide in tissue.
